The objective of this study was to investigate the in vivo effectiveness of laser in the prevention of enamel demineralization during orthodontic treatment.
Introduction
Enamel demineralization or white spot lesion (WSL) development during orthodontic treatment with fixed appliances is a common clinical problem in modern orthodontic practice. 1 Fixed attachments may encourage prolonged plaque accumulation, particularly in patients with poor oral hygiene, compliancy or disability. 2 In addition, a prolonged period of fixed orthodontic treatment increases the risk of WSL formation. 3 The prevalence of WSLs in patients undergoing orthodontic treatment is about 68.4%, so professional preventive procedures are recommended for fixed orthodontic treatment patients. 3 The responsibility of the orthodontist is to minimize decalcification through education and motivation of the patient to maintain good oral hygiene. 4 Topical fluoride (high-fluoride toothpaste, fluoride mouthwashes, gels and varnishes) is effective in caries prevention and management of WSLs during and after orthodontic treatment. 5 There is evidence in the literature that laser irradiation modifies the enamel structure, making it more resistant to acid dissolution, 6 so laser application may serve as a preventive measure for WSL formation for orthodontic patients without relying on patient compliancy.
Several types of laser beams have been used to increase enamel resistance to decalcification during orthodontic treatment. These include CO 2 , neodymium-doped yttrium aluminum garnet (Nd:YAG), erbium-doped yttrium aluminum garnet (Er:YAG), erbium, chromium: yattrium-scandium-gallium-garnet (Er, Cr:YSGG), diode, and argon lasers. 7, 8 The effectiveness of different lasers in decreasing the susceptibility of the enamel surface to caries have been investigated mostly by in vitro studies and a handful of in vivo studies, 8, 9 but the clinical evidence about laser effectiveness is still unclear. There is only 1 published systematic review investigating the effect of lasers in preventing demineralization during orthodontic treatment; however, this study did not involve all types of laser beams that could be applied for this purpose. 10 Equally, there are no reports about the effective and safe laser parameters for clinical use in managing WSL formation.
The aim of this systematic review is to investigate the in vivo effectiveness of different types of laser in preventing enamel demineralization during orthodontic treatment. A secondary aim is to evaluate, using published reports, the effective and safe laser settings that can be used to manage demineralization during orthodontic treatment.
Material and methods

Protocol and registration
This systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 11 Review questions: 1. Does laser irradiation significantly increase enamel resistance to demineralization during orthodontic treatment? 2. What are the most effective and safest lasers for the prevention of demineralization related to orthodontic treatment? Table 1 . Review questions -PICO study design
Review questions -PICO study design Population Eligibility criteria: -healthy patients with permanent teeth, receiving orthodontic treatment with fixed orthodontic appliances (no predetermined restrictions on initial malocclusion or indications for treatment); -patients of any age; -patients of both genders; -patients of any ethnic group. Exclusion criteria: -syndromic patients; -patients with any systemic disease; -patients with teeth with enamel imperfections or restorations Intervention Application of different laser beams on enamel during orthodontic treatment.
Comparison
Formation of WSLs or enamel demineralization -comparison between laser-irradiated enamel and non-manipulated enamel, or with other preventive procedures applied.
Outcome
Primary outcome: -formation or no formation of WSLs, assessed by clinical diagnosis or on digital images; -degree of decalcification; -changes in the enamel structure after laser application.
Study design
Eligibility criteria: -in vivo studies (human studies); -RCTs; -CCTs; -no predetermined restrictions on language, year of publication or publication status. Exclusion criteria: -case reports or case series; -editorials, personal opinions, reviews, and technique description articles, without a reported sample; -in vitro studies and animal studies.
PICO -population, intervention, comparison, and outcome study design; WSL -white spot lesion; RCT -randomized controlled trial; CCT -controlled clinical trial.
These review questions were developed according to the population, intervention, comparison, and outcome (PICO) study design ( Table 1) .
Types of publications
This review included all publications, regardless of language, about the clinical application of different laser types to prevent WSLs or enamel demineralization during fixed orthodontic treatment. Personal opinions, editorials, literature reviews, and abstracts were excluded.
Eligibility criteria of the population were: -healthy patients with permanent teeth, receiving orthodontic treatment with fixed orthodontic appliances; -patients of any age; -patients of both genders; -patients of any ethnic groups.
Exclusion criteria of the population were: -syndromic patients; -patients with any systemic disease; -patients with teeth with enamel imperfections or restorations.
Information sources
The search strategy incorporated searching electronic databases, supplemented by hand searching. The electronic search was performed in PubMed (National Library of Medicine -NLM, National Center for Biotechnology Information -NCBI), ScienceDirect, Google Scholar, Scopus, the Cochrane Central Register of Controlled Trials (CENTRAL), OpenGrey (to identify the grey literature), and ProQuest Dissertations and Theses (PQDT Open) from ProQuest (to identify dissertations and theses). The references of each relevant study were screened to discover additional relevant publications and to improve the sensitivity of the search. ClinicalTrials.gov and the World Health Organization International Clinical Trials Registry Platform Search Portal (ICTRP) were also screened to evaluate any unpublished studies or current accomplished research work.
Hand searching was carried out in the following journals: "American Journal of Orthodontics and Dentofacial Orthopedics"; "Australasian Orthodontic Journal"; "Caries Research"; "European Journal of Orthodontics"; "Journal of Biomedical Optics"; "Lasers in Medical Science"; "Lasers in Surgery and Medicine"; "Laser Therapy"; "Orthodontics and Craniofacial Research"; "Photomedicine and Laser Surgery"; "Seminars in Orthodontics"; "Angle Orthodontist"; "Journal of Orthodontics"; and "Korean Journal of Orthodontics".
Search
PubMed, Scopus, ScienceDirect, Google Scholar, and Cochrane databases were explored through advanced searches. The search was conducted in June 2017, using the following keywords: (laser therapy) OR (laser irradiation) OR (laser application) AND (enamel caries prevention) OR (enamel resistance) OR (enamel decalcification) OR (enamel demineralization) OR (white spot lesions WSLs) OR (enamel dissolution) OR (enamel microhardness) AND (orthodontics) OR (orthodontic treatment) OR (orthodontic brackets) OR (fixed appliances). The full electronic search strategy is presented in Supplementary Material 1.
Study selection
The obtained articles were independently subjected to clear inclusion and exclusion criteria by 2 authors (TRR and GM).
Inclusion criteria for the studies were: -in vivo studies (human studies); -randomized controlled trials (RCTs); -controlled clinical trials (CCTs). Exclusion criteria for the studies were: -case reports or case series; -editorials, personal opinions, reviews, and technique description articles, without a reported sample; -in vitro studies and animal studies.
Sequential search strategy
Firstly, all article titles were screened and the irrelevant articles, reviews, case reports, and in vitro studies were excluded. Then, abstracts of the remaining articles were screened to eliminate studies based on data obtained from abstracts. Finally, the full text of the remaining articles was screened to confirm the acceptability of the articles depending on the inclusion and exclusion criteria.
The authors compared their decisions and resolved differences through discussion, consulting a third author (OH) when consensus could not be reached. The 3 rd author was an experienced senior reviewer.
Data extraction
The data was extracted from the studies according to the aims of the systematic review by the same 2 authors (TRR and GM) independently and were arranged in the following fields: general information (name of author and year of publication); study characteristics (study design and treatment comparison); sample description (size, age and sex); laser application (type of laser beam, laser parameters and details of irradiation protocol); and outcomes (primary outcomes, methods of primary outcome measurement, and statistical significance of the reported differences between treated and control groups). Overall 53,540 222* * There were 53,540 items identified from electronic databases. 473 items were added through hand searching and references screening. After excluding irrelevant articles, there were 222 items involved from electronic search and 150 items from hand searching and references screening. Then, after filtering for duplication, there were 304 items left (155 items from electronic databases and 149 items from hand searching and references screening).
Assessment of methodological quality
The risk of bias of the included trials was also assessed independently by the same 2 authors (TRR and GM), using the recommended approach for assessing the risk of bias in studies included in Cochrane reviews. 12 The studies were evaluated in the following fields as low, high or unclear risk of bias: sequence generation (selection bias); allocation concealment (selection bias); blinding of participants and personnel (performance bias); blinding of outcome assessors (detection bias); incomplete outcome data addressed (attrition bias); selective outcome reporting (reporting bias); and other bias types. The overall risk of bias of the included trials was assessed according to the following criteria: low risk of bias -if all fields were assessed as low risk of bias; unclear risk of bias -if at least 1 field was assessed as unclear risk of bias; and high risk of bias -if at least 1 field was assessed as high risk of bias.
Synthesis of results and statistical analysis
Relevant data related to the previously stated variables was collected and organized into tables. No meta-analyses could be performed due to the heterogeneity of study designs, treatment protocols and outcomes.
Results
Study selection
Article review and data extraction was performed according to the PRISMA flow diagram. The initial search identified a total of 54,013 references. Following the screening of the article titles, 304 potentially relevant articles were identified. Independent screening of the abstracts resulted in the selection of 23 publications and 1 protocol (for ongoing study) for possible inclusion. The inclusion and exclusion criteria were applied to the 23 full-text articles. Finally, 8 articles that met the predefined criteria were included in the current systematic review. The PRISMA flow chart ( Fig. 1) illustrates the search methodology and results.
Exclusion of studies
The reasons for excluding studies after full-text assessment were as follows: use of non-human enamel (n = 1), in vitro studies (n = 4), the clinical aspect not applied through orthodontic treatment (n = 7), studies on primary teeth (n = 1), full text non-available (n = 2). The excluded studies, together with the reasons of excluding, are outlined in Supplementary Material 2.
Quality assessment
The quality assessment of the included studies revealed unclear risk of bias (for 1 or more key domains) in the 8 studies included. Blinding of participants and blinding during outcome assessment were the most problematic fields (unclear risk of bias in 87.5% and 75% of studies, respectively). The overall risk of bias for the included studies is summarized in Fig. 2 and 3 .
Study characteristics
The studies were compared regarding the sample size, study design, type and parameters of the laser applied, and the main outcomes. The 8 articles were published between 2000 and 2015. They involved 183 patients, and the main inclusion criterion was healthy patients in need of orthodontic treatment without caries, demineralization or restorations on the facial surfaces of teeth, except for the trial by Harazaki et al., which included orthodontic patients with early demineralization. 13 Intervention in all trials was the application of different laser types; 4 studies applied an argon laser, 2 studies applied a CO 2 laser, 1 study applied an Nd:YAG laser, and 1 study applied an Optodan ® laser. The characteristics of the 8 studies are summarized in Table 2 .
Results of individual studies
Four clinical studies applied an argon laser 14-17 and 3 of them reported a significant reduction in the lesion depth, measured on microphotographs of the polarized light microscopy, for the argon laser-irradiated groups of teeth compared to the control groups (p ≤ 0.05). [14] [15] [16] One study did not find a significant effect of argon laser curing on enamel WSL formation, evaluated on the basis of photographs, in the laser group compared to the control group (p ≥ 0.05). 17 Two studies applied a CO 2 laser to enamel around orthodontic brackets and reported that CO 2 laser irradiation produced marked demineralization inhibition in short and medium follow-up terms, as it led to significantly higher enamel microhardness compared to the control non-irradiated enamel (p ≤ 0.04). 18, 19 One clinical study applied an Nd:YAG laser to enamel with WSLs and showed that it was effective in inhibiting the development of dental caries, as the increase of the WSL area was significantly lower compared to the control group (p ≤ 0.05). 13 One clinical trial used an Optodan low-intensity laser around orthodontic brackets and reported that the growth index in dental and surface caries intensity was significantly lower in the laser therapy group than in the control group (p ≤ 0.001). 20 The results of the studies included are summarized in Table 3 . (1 first or second premolar treated with laser -16 teeth, the premolar from the other side in the same patient served as a control -16 teeth) (inclusion criteria: age <25 years, complete eruption of teeth, no lesions on the enamel surfaces, moderate to good oral hygiene; exclusion criteria: patients with enamel lesions or cracks on the buccal surfaces) CO 2 laser -wave length: 10.6 μm; -pulse duration: 3 s; -pulse repetition rate: 5 Hz; -beam diameter: 0.2 mm; -power: 0.7 W the experimental teeth were irradiated with laser and the control premolars were exposed to non-theraputic light; then orthodontic brackets were attached to both premolars and the T-loop was engaged to the brackets to increase plaque accumulation at least 2 months after laser irradiation, then the teeth were extracted (1 tooth from each group was extracted after 1 week of laser irradiation for the SEM evaluation) (1 first or second premolar treated with laser -16 teeth, the premolar from the other side in the same patient served as a control -16 teeth) (inclusion criteria: age <25 years, complete eruption of teeth, no lesions on the enamel surfaces, moderate to good oral hygiene; exclusion criteria: patients with enamel lesions or cracks on the buccal surfaces) CO 2 laser -wave length: 10.6 μm; -pulse duration: 3 s; -pulse repetition rate: 5 Hz; -beam diameter: 0.2 mm; -power: 0.7 W the experimental teeth were irradiated with laser and the control premolars were exposed to non-theraputic light; then orthodontic brackets were attached to both premolars and the T-loop was engaged to the brackets to increase plaque accumulation at least 2 months after laser irradiation, then the teeth were extracted (1 tooth from each group was extracted after 1 week of laser irradiation for the SEM evaluation) 
The most eff ective and safest laser types and parameters for the prevention of enamel demineralization
Studies that compared the effectiveness of 2 or more laser beams in demineralization inhibition during orthodontic treatment were all in vitro. 21, 22 Studies that compared the effect of different parameters of the same laser type were also in vitro and did not concern orthodontic treatment. There were no studies undertaken during orthodontic treatment comparing the improvement in demineralization resistance among different laser types or different laser settings.
Discussion
The prevention of demineralization or WSL formation during orthodontic treatment is one of the most difficult challenges orthodontists have to face. Many preventive procedures have been used in the literature for this purpose. Laser irradiation has been widely studied in vitro and showed its effectiveness in increasing enamel resistance to decalcification, suggesting that it could be useful during orthodontic treatment. As presented in the literature, many laser types have been used to prevent enamel demineralization around orthodontic appliances, including Er:YAG, [23] [24] [25] Nd:YAG, 13,21,22 CO 2 , 18-22,26-28 diode, 29, 30 and argon laser. [14] [15] [16] [17] 31, 32 Although the clinical application of lasers during orthodontic treatment for a preventive purpose is still limited, the present review showed clinical effectiveness of laser irradiation in inhibiting enamel demineralization.
There were no clinical trials that applied Er:YAG or diode lasers during orthodontic treatment to prevent WSL formation.
In 3 studies, the application of argon laser irradiation on the enamel surface showed significant reduction in lesion depth in comparison with non-irradiated teeth, and its effect was significantly higher when it was combined with fluoride application, [14] [15] [16] but the sample sizes in these studies were small, with short follow-up periods. The effect of irradiation with an argon laser on WSL formation while curing the adhesives of orthodontic brackets was evaluated in 1 RCT lasting 1 year, but no significant effect on enamel demineralization was observed. 17 Irradiation with a CO 2 laser had a significant effect on enamel microhardness around orthodontic brackets and it decreased mineral loss in comparison with non-irradiated enamel in 2 RCTs. 18, 19 The wave lengths applied clinically were 9.6 μm and 10.6 μm, respectively. However, the effect of CO 2 lasers during orthodontic treatment was not evaluated for a long follow-up period.
The effect of Nd:YAG laser irradiation on existing WSLs was studied in only 1 clinical trial, with a 1-year follow-up. 13 The increases in the WSL area were signifi-cantly lower in the laser-irradiated group of patients in comparison with the control group. This type of laser had not been previously applied clinically on sound enamel during orthodontic treatment to prevent decalcification.
The effect of an Optodan laser on enamel demineralization was studied in a RCT by comparing the development of tooth caries intensity (growth of the Decayed, Missing and Filled Teeth index -ΔDMFT, and growth of the Decayed, Missing and Filled tooth Surfaces index -ΔDMFS) between the laser group and the control group for a 1-year follow-up period, and it showed significantly lower caries intensity in the lased group as compared to the control non-irradiated group. 20 Changes in the enamel structure after laser irradiation were evaluated in 2 of the included studies by scanning electron microscopy. Miresmaeili et al. evaluated enamel surface changes by extracting 2 premolars (irradiated and control) of 1 patient after 1 week of CO 2 laser irradiation; the lased tooth showed melting of the enamel surface. 19 As studied in the literature, the prevention of caries by CO 2 laser irradiation could stem from reduced enamel permeability and solubility as a result of melting. 33, 34 Harazaki et al. studied enamel changes after Nd:YAG irradiation in vitro. 13 The irradiated portion of the tooth had a smooth surface with a small number of cracks.
The limitations of this review are related primarily to the lack of high-level evidence from RCTs and the heterogeneity among studies in irradiation protocols, outcomes, follow-up periods, and methods of outcome measurement.
Conclusions
This review showed that laser irradiation may be effective in preventing demineralization during orthodontic treatment, but further studies are needed, including RCTs using different lasers, to evaluate which is the most effective laser and what settings should be used. There is also a need for longer follow-up periods to evaluate the longevity of treatment.
